This study evaluated the allergen impermeability against airborne allergens of dust mite droppings through all parts of commercial bed covers, including surface seams and zippers. Specimens were taken from places with and without seams and zipper. A novel penetration cell was developed to expose the specimens to an inoculum of purified mite droppings that was assessed for its allergen content Der p1 prior to the penetration tests. Using covers of different construction and material, the penetration level increased significantly in the presence of seams and zippers and could reach up to 6% depending on the seam's/zipper's characteristics and quality. Therefore, zippers and seams have to be considered as access points for the penetration of mite droppings. As for the penetration of airborne mite particles through the zipper, the penetration level was greatly attenuated by the presence of a cover strip. Depending on the respective quality and the construction type, the mite allergen Der p1 penetrated most likely through the zipper and seams of the specimens, already after a single laundry cycle. Hence, laundry may compromise the barrier performance and proves to be an important quality feature. In all samples, the textile surface showed sufficient allergen impermeability. Our conclusions provide recommendations to both manufacturers and users.
wide [1] . Hypersensitivity to house dust mite allergens, a protein of HDM bodies, is one of the most common allergic responses, affecting up to 85% of asthmatics (primarily Der f1 in the US and Der p1 in Europe and elsewhere). When the mite expels waste, the protein adheres to the mites' feaces and is expelled along with the faecal pellet and finally inhaled, thus triggering the allergic response of HDM patients [2] .
Besides residence in allergen-free environments, there are other more suitable methods of allergen avoidance for sufferers at home, many of which are textile-based. As HDM are found in almost all dwellings and in much larger concentrations in mattresses than on floors [3] , avoidance of HDM in their beds is crucial for allergic patients since mattresses are the most important habitat and source of mite allergens to which we are exposed for many hours during nocturnal sleep [4] . Especially during movement in bed as well as bedmaking, HDM faeces become airborne and then can easily be inhaled [5] . Each movement of the sleeper results in a cloud of allergen-causing particles that evades the mattress. That is why in 2007 the Expert Panel Report 3, "Guidelines for the Diagnosis and Management of Asthma", recommends to encase mattresses and pillows in allergen-impermeable covers [6] . However, it has not yet been shown that encasement of bedding is associated with clinical benefits [7] . For example, three studies reported that mattress covers without other measures were not effective [8] [9] [10] . Likewise, two well-conducted studies failed to show an effect of HEPA filters alone [11] [12] . The absence of clinical benefits could either be explained by unknown access points of bed covers like poor barrier efficacy of the fabric, the seams or zippers, or for example further allergen sources [7] .
Today, there are no guidelines as to the desirable properties for bed covers. When looking at several materials commercially available, the question of quality regarding the HDM protection is often overlooked. Thus, bed covers of various materials and with different construction techniques can be found, most of which focus on the resistance of cover fabric versus HDM and their allergens [13] . The leak rate of covers goes back to work of Vaughan et al., who studied the permeability of woven and nonwoven fabrics by measuring the pressure gradient across the fabric [14] . They recommended that covers with a pore size of 2 -10 µm are suitable for allergy sufferers, because of their ability to block the passage of all HDM droppings, which are assumed to have particle sizes between 10 -40 µm [4] . Hence, most modern commercial bed covers fabrics show pore sizes of 2 -10 µm. Both tight-woven and nonwoven encasement materials have been widely used by patients with some clinical benefit. Some of the covers are film-coated, e.g. by either polyurethane-membranes or plastic, which also provide good protection [15] , but are at least comfortable because of air flow limitations and noise emission.
There are comprehensive methodological studies addressing the barrier performance of encasings [13] . However, test approaches in these studies evaluated the resistance of the fabric using either living HDM or dust collections and were run exclusively on samples of the textile surface, to determine the penetration 
Material and Methods

Bed Cover Samples
HDM Stock Cultures and Cultivation of HDM Faeces
HDM, D. pteronyssinus, were cultivated in-house on a substrate mixture of nutrient, vitamins and minerals (particle size < 1 mm). They were constantly kept in a desiccator at a temperature of 25˚C ± 1˚C and a relative humidity of 75% ± 1% in the dark in small glass vials with a semi-permeable lid. For continuous cultivation, mites were subcultured after 6 -8 weeks by adding one microspoon of the old HDM culture to 100 mg of fresh HDM feed. Prior to the penetration tests, the allergen amount of HDM faeces was assessed via a ELISA-immunoassay to evaluate its total content of Der p1 allergen (Indoor Biotechnologies, Warmister, UK). This was done using a spectrophotometer (TecanGenios Reader, Crailsheim, Germany) set at 405 nm.
Penetration Tests of Bed Covers
15 × 15 cm 2 rectangles of the test specimens were clamped in a metal sample holder (penetration cell) with a clamping ring. Then HDM faeces were placed on the top of the test specimens. All specimens were mounted with their inner surface in a test chamber (penetration cell) that was exposed to HDM faeces to test for the specimens' resistance for mite droppings. Following this, specimens were 
Laundry
Bed covers were also subjected to a domestic laundry cycle at 60˚C. Laundry was carried out in a Linitest according to ISO-105-C06-A1S at 60˚C for 30 min. As detergent solution, the standard IEC detergent was used (4.0 g/l; 150 ml per sample). Disinfectants, chlorine-based products as well as fabric softeners and ballast load were omitted. After laundry, all bed covers were rinsed twofold with H 2 O for 2 min and finally air-dried.
Results
The homogeneity and composition of HDM faeces was tested by scanning electron microscopy. Fresh mite droppings showed typical diameters of approx. 2 µm, however after several weeks of cultivation, dropping diameters decreased. shaped remnants of HDM feed, which was more or less depleted. Using a stereomicroscope, we found all HDM dead (not shown). HDM faeces was also analysed for its Der p1 content by immunoassay. A typical allergen amount applied per test specimen was in the range of 10 -12 µg Der p1 present in 8 -12 mg of HDM faeces, depending on the respective HDM cultivation.
After the morphological and immunological characterisation for its allergen content, HDM faeces containing a pre-determined content of Der p1 was used to test the barrier effect of bed covers using the novel penetration cell. Table 1 presents the degree of allergen impermeabilities with regard of mean percentages of the test specimens. The internal control fabric showed a constant reproducible allergen impermeability due to its defined structure with an open area of 10% and 15 µm mesh openings, whereas the plastic cover blocked all airborne particles (see Table 1 ). In the new state of the bed cover samples, we observed a high barrier effect of around 99% with all specimens of fabric surfaces, i.e. to HDM faeces load, we found a penetration level of 1.78% in the new state.
Thus, for the penetration of airborne mite particles through the zipper, the penetration level was greatly attenuated by the presence of a cover strip. However, the zippers penetration level of brand B was further increased by a single washing cycle. In these experiments, the flipped zipper achieved a value of 2.49%.
Domestic washing also reduced the barrier efficacy of seams and zippers of brand A and C. The barrier against HDM faeces of brand C seams and zippers reached a penetration level of more than 6% from the starting value of the positive control. Stereomicroscopy revealed that a single laundry cycle expanded the stitching holes of the seam of brand C when it was lightly stretched (see Figure   2 (A), Figure 2(B) ). In contrast to this, the seam of brand A at least achieved an allergen impermeability of 98.62% whereas the specimen exposing the zipper displayed a barrier effect of 97.67%.
Discussion
This study was run to explore the resistance of the textile surfaces, seams and zippers of allergen-impermeable bed covers with regard to their ability to used for bedding encasements and found that tightly woven fabrics and nonwovens fabrics can block HDM allergens but still allow some airflow for comfort aspects [14] . These covers were also found to show best prevention of living mite penetration using a special Siriraj chamber [15] . As this chamber cannot measure the allergens in mite faeces [16] , we thought to construct a novel test chamber that allows to investigate all components of bed covers and also allows to extract the level of allergen that penetrated the specimens. Regardless of the inoculum with average smaller dropping pore sizes, we found that in their new state the textile surfaces of all bed covers afforded excellent allergen impermeabilities of approximately 99%. Since all samples showed pore sizes between 2 -6 µm, as recommended by Vaughan et al. [14] , they were able to prevent the passage of the purified HDM load. However, nonwoven brand C slightly dropped in its barrier for mite allergens to 95.64% when the textile surface underwent a single laundry cycle. Given the fact, that both nonwoven samples were made from identical fibre blends, and that brand B was able to maintain its allergen impermeability after washing, we assume that quality aspects like different fibre bonding of brand C account for these barrier differences [17] . Our findings underline the recommendations of some manufacturers of nonwoven encasings, which prohibit washing of their covers. Laundry also increased the penetration level of allergens when seams and zippers of brand C were exposed to purified HDM faeces. Compared to the quality of the seams and zipper of brand B, brand C achieved an increase of 6% in its penetration level against a comparable allergen load, whereas seams and zipper of the woven fabric brand A afforded better after washing the sample. At this point it should be noted that a penetration level of 6% in our test setup, ex-Journal of Textile Science and Technology pressed in absolute values, is equal to a penetration of approximately 600 ng Der p1 over a time period of 8h and in relation to a total allergen load of 10 µg. It should also be kept in mind that this amount is more than a quarter of the threshold level discussed by experts (e.g. First International Workshop on Mite Allergens and Asthma) [6] . Current studies seeking to quantify a level of exposure that can be considered ''safe'' suggest that HDM allergens levels of less than 2 µg/g Der p1 are the maximum level for the primary prevention of sensitization which should also avoid an acute attack of asthma [18] . Based on these considerations and our present findings, zippers and seams have to be considered as entry points for the penetration of mite allergens, especially as their respective penetration levels have to sum up. In our hands, the washed brand C specimens accounted for a total penetration level of 17.21%, which would expose a hypersensitive patient to more than 2 µg of Der p1 during a single 8 h rest on a covered mattress. Therefore, construction and quality of these materials together with wash resistance should be defined in future guidelines for improved barrier function of bed covers.
A study run by Mahakittikun et al. showed that nonwoven covers exhibited worn and matted surface threads that easily provided access points for mite penetration [16] . Hence it is reasonable to assume that those structural changes might also affect the allergen resistance of other cover constructions, especially after repetitive laundering or use over time. To study the effect of washing on the bed covers allergen resistance, we ran a single domestic laundry cycle followed by a second set of resistance tests. A single domestic washing cycle diminished the allergen impermeability of two of the samples. In particular, we concluded from our experiments, that washing reduced the structural integrity of seams and zippers, e.g. by deterioration and loosening of fibers of the seams and the inserted zipper, thereby creating access points for penetration of mite droppings.
It is widely known that the seams performance and quality depend on various factors such as seam strength, seam slippage, seam puckering, seam appearance and the yarn [19] . Up to now, the effect of laundry on bed covers has only been done with respect to the removal of allergens. For example, Arlian et al. studied the mite allergen removal during machine washing of laundry and found cold or warm water was effective and removed most allergen [20] . Thus, bed covers should all be equipped with a covered zipper and patients should take care not to unflip it in daily use.
It may be concluded from our findings, that the textile surface of membrane-coated wovens and tightly packed nonwovens prevent the leakage of mite droppings, while the seams and zippers of covers are sufficiently lacking in this regard, depending on their respective construction and quality. For the choice of an effective encasing product user should be aware, that seams and zippers are access points. Manufacturer thus should reinforce seams and zippers especially with regard to washing the bed covers without reducing its barrier effect. It is also advisable to construct covers with pore sizes smaller than 2 µm as mite droppings may disintegrate over time into much smaller particles. Other quality aspects of bed covers to be considered for a future guideline are: Air permeability, water vapour resistance, noise emission and wash resistance.
Conclusion
In this study, we found significant differences in the barrier efficacy of three common encasing types of different price and quality ranges, mainly in the zipper and seam area. Our results show that zippers and seams have to be considered as access points for the penetration of mite droppings, especially as HDM faeces disintegrate over time into small particles with diameters between 0.3 µm up to >2 µm. Laundry may compromise the barrier performance and thus proves to be an important quality feature. These conclusions provide recommendations to both manufacturers and users. Future guidelines for consumers on dust-mite covers should include specifications towards laundry, design and construction that are based on quantitative data for allergen penetration levels of fabric, seam and zipper rather than to prove anti-mite or mite-penetration properties.
